Cervical cancer screening programs worldwide are moving from primary cytology screening to HPV DNA testing. While HPV DNA testing offers high sensitivity and negative predictive value, its specificity for cervical precancer is limited. Thus, secondary, more disease-specific markers such as p16/Ki-67 are needed to decide who among the screen-positives requires further management and treatment. In a large US-based colposcopy referral population with excellent disease ascertainment, we show that cytological staining for p16/Ki-67 has comparable sensitivity, but significantly higher specificity compared to HPV DNA testing, potentially reducing colposcopy referral by half. We demonstrate that p16/Ki-67 performs best at detecting precancers with the highest risk of progression to cancer, namely those related to HPV16 among women 30 years and older. These data from a large, independent study suggest that p16/Ki-67 can be an important component of new HPV-based screening strategies. 
Introduction
Cervical Pap smear screening has led to a substantial reduction of cervical cancer incidence in countries with established screening programs. However, Pap cytology has limited reproducibility and a single Pap test has limited sensitivity to detect cervical precancer. The recognition that virtually all cervical cancers are caused by infections with carcinogenic human papillomavirus types has led to the development of new molecular assays to improve cervical cancer screening strategies, most importantly testing for HPV DNA [1] .
HPV DNA testing is highly sensitive and provides a high, long-term reassurance of low risk of cervical cancer among women testing negative, permitting safe extension of screening intervals [2] . However, the specificity of HPV DNA testing for cervical precancer and cancer is limited, since HPV infections are very common in the population, and most infections clear spontaneously after 1-2 years. Thus, most HPV infections are not associated with risk for developing invasive carcinoma.
Recently, more disease-specific molecular markers of cervical cancer have been recognized that may provide a combination of high sensitivity and high specificity for detecting cervical precancer [3] . Most of these markers have been identified based on our understanding of HPV-related carcinogenesis. The progression from HPV infection to cervical precancer is characterized by a substantial change in the viral gene expression, from a transient infection characterized by expression of structural genes to a transforming infection with strong expression of viral oncogenes that interfere with host cell cycle control [4, 5] . The expression of several host genes is affected by the oncogene products of HPV, including those involved in cellular proliferation, such as Ki-67, and cell cycle control, such as p16. Immunostaining for p16 has been determined to be an effective biomarker of cervical disease in histology and cytology specimens [6, 7] . It is widely used to improve the reproducibility of cervical biopsy interpretations. In cytology, p16 can improve the accuracy for detecting cervical precancer compared to conventional cytology. However, since some benign cervical epithelial cells can exhibit p16 expression, evaluation of p16 staining requires additional morphological evaluation [8] . Recently, a double-label immunostain for p16 and Ki-67 was developed that allows recognition of abnormal cells simply based on co-staining of the two markers in the same cell, potentially obviating the need for morphological interpretation. The accuracy of combined p16 and Ki-67 cytology staining for detection of cervical precancer has been analyzed in few studies so far [9, 10] . Here, we evaluated the clinical performance of p16/Ki-67 in a large study of women referred to colposcopy for abnormal cervical cancer screening results.
Methods

Study population
We performed our analysis in the Biopsy Study, a population-based study of women referred to colposcopy for abnormal cervical cancer screening results conducted at the University of clinic were eligible for inclusion in the study. Exclusion criteria were previous treatment for cervical disease (including loop electrosurgical excision procedure (LEEP), cold-knife conization, cryotherapy, LASER therapy, or hysterectomy), prior chemotherapy or radiation treatment for cervical neoplasia, pregnancy, HIV infection, and inability to give informed consent. Referral to colposcopy was based on the American Society for Colposcopy and Cervical Pathology (ASCCP) guidelines and included women with HPV-positive ASC-US, and LSIL or greater independent of HPV status. A total of 2,270 women with appointments at the colposcopy clinic were approached about participation in the study. Of these, 897 women were ineligible for enrollment or could not be enrolled for other, unknown reasons. A total of 690 of 1373 (50.3%) eligible women agreed to participate in the study that involved an extended biopsy protocol. Of those, 673 had residual liquid-based cytology material available to produce monolayer slides for conducting p16/Ki-67 immunostaining. Forty-eight samples were excluded due to low cellularity to give a final study population of 625 women.
Cytology, colposcopy and histology
All women enrolled in the study had a colposcopy performed and at least one biopsy was taken in all women. Prior to colposcopic biopsy procedures, cervical cytology was collected using a Wallach broom device and transferred to PreservCyt solution (Cytyc Corp., Marlborough, MA, USA). The cytology specimen was used for ThinPrep than four directed biopsies were taken, a biopsy from a quadrant without any visible CIN (random biopsy) was added. As per standard practice, all histologically-confirmed CIN3 and most CIN2 were treated by LEEP of the transformation zone. At least 3 biopsies were taken in over 80% of the colposcopic procedures performed. We considered outcomes both based on worst biopsy result during the colposcopy and worst overall outcome, including biopsy results and LEEP outcomes.
Liquid based cytology
Thin-layer cytology slides were prepared using the ThinPrep 2000 slide processor (Hologic, Boxborough, MA). The PreservCyt container was placed in the instrument and using the gynecology sample procedure, the cell suspension was homogenized and cells were collected on a filter membrane and transferred to a glass slide. Cells were placed in ethanol for fixation and stained using the Papanicolaou method. Cytology slides were evaluated by a cytotechnologist and confirmed by a pathologist using the revised Bethesda nomenclature. The analysis of p16/Ki-67 positivity in cytological categories is based on the study Pap, while the analyses of HPV-positive ASC-US and LSIL triage is based on the outside referral Pap result.
HPV testing
HPV detection and genotyping in cytology specimens was done using the Linear Array (LA) HPV Genotyping Test (Roche Molecular Diagnostics, Branchburg, NJ). The LA assay is a typespecific PGMY09/11 L1 primer PCR assay for 37 HPV types (6, 11, 16, 18, 26 modifications, as previously described [11, 12] . In brief, the procedure followed recommendations of the manufacturer with the variation that 10 μL of template DNA was amplified and the amplified products were hybridized and detected using an automated AutoLiPA staining system using 2.5 mL of each reagent per strip (as compared to 4.0 mL in manual processing). The LA results were evaluated by unmagnified examination of the strips by two independent observers. An unambiguous, continuous band was judged to indicate that biotinylated amplicons had hybridized to complementary sequences of probes bound to the strips, and was considered a positive result.
p16/Ki-67 testing
A second cytology slide was prepared from the residual PreservCyt material using a T2000 slide was used as a counterstain, with a 2-step mounting procedure including an aqueous mounting medium followed by a permanent mounting step. Slides that did not meet the squamous cellularity criteria as specified in the Bethesda 2001 Cervical Cytology Classification system for reporting cervical cytology were excluded from evaluation. A trained cytotechnologist reviewed all cases for the presence of cells staining positively with both markers. A case was considered positive if one or more cervical epithelial cell(s) stained both with a brown cytoplasmic stain (p16) and a red nuclear (Ki-67) irrespective of the interpretation of morphologic abnormalities.
Slides without any double-stained cells were called negative for p16/Ki-67 dual-stain cytology.
Statistical analysis
Of the 625 women with valid p16/Ki-67 staining results, 612 (97.8%) had cytology results, 619 (99%) had histology results and 622 (99.5%) had LA genotyping data. We considered women with presence of any of 13 carcinogenic genotypes (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) as high risk (HR) HPV DNA positive. We used contingency tables to evaluate p16/Ki-67 expression by study cytology results and by worst study biopsy results.
McNemar's test was used to evaluate differences in positivity for p16/Ki-67 and carcinogenic HPV in cytological categories. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), with 95%-confidence intervals were calculated for two different endpoints, CIN2+ and CIN3+ for all women with histology endpoints (using worst endpoints from either biopsy or LEEP).
Research. We sought to evaluate triage of women with HPV-positive ASC-US and LSIL referral Pap results. Since we did not have access to referral cytology specimens (and some referrals were based on conventional Pap smears), we simulated a triage approach using a test interposed between screening cytology and colposcopy. We restricted this analysis to 404 women with an outside referral Pap of HPV-positive ASC-US or LSIL. In addition, we evaluated the performance of p16/Ki-67 triage separately for HPV-positive ASC-US (n=140) and LSIL (n=264). We used McNemar's test to compare differences in sensitivity and specificity for p16/ki67, HR-HPV testing, and HPV16/18 testing.
Sensitivity and specificity with confidence intervals were plotted on a Receiver-Operator-Curve (ROC) characteristics graph. Statistical analyses were performed using Stata (StataCorp, College Station, TX) and summary ROC graphs were created using SigmaPlot. P-values <0.05 were considered statistically significant.
Results
Cytology and histology results and carcinogenic HPV prevalence
A total of 625 women from a colposcopy referral population were included in the analysis. The median age was 26 years (interquartile range: 23-31; complete range: There was an increasing proportion of HR-HPV with increasing cytology severity, from 56% in Table 2 ). The p16/Ki-67 prevalence was much lower in HR-HPV-negative NILM (3.9%), ASC-US (16.7%) and ASC-H (0%). In the whole population, the HR-HPV prevalence was higher compared to the p16/Ki-67 prevalence (p<0.001), but this was differential by cytology category. The percentage of p16/Ki-67-positive subjects was lower for NILM (p<0.001), ASC-US (p<0.001) and LSIL, (p<0.001) but did not significantly differ from HR-HPV in ASC-H (p=0.06) and HSIL (p=0.78), indicating higher specificity of p16/Ki-67 compared to HR-HPV testing.
p16/Ki-67 positivity by histology results
We observed an increasing proportion of p16/Ki-67-positive subjects with increasing histological severity, from 26.8% in women with normal histology, 48.0% in women with atypical squamous metaplasia, 46.5% in women with CIN1, 82.8% in women with CIN2, and 92.8% in women with CIN3 (Table 3) . Only a small subset of CIN2 and about 30% of CIN3 are 
expected to progress eventually to invasive cancer. HPV16, and older age at diagnosis of precancer are associated with higher risk of invasion [13, 14] . Thus, we stratified women by presence of HPV16 and into two age categories, <30 and 30 and older, reflecting the current age cutoff for HPV-based primary screening (30 and older). In all histological categories except for atypical squamous metaplasia, HPV16-positive women had a higher percentage of p16/Ki-67 positivity compared to HPV16-negative women, overall and stratified by age (Table 3 ). Among women with CIN3, the proportion who were p16/Ki-67-positive increased from 77.8% for those <30 years and without HPV16 to 100% among women 30 years and older who were HPV16-positive. Among women with CIN2, those who were HPV16-positive had a higher proportion of p16/Ki-67-positive results, but interestingly, the p16/Ki-67 positivity was higher among women <30 years.
Clinical performance of p16/ki-67 testing in the study population
We analyzed clinical performance characteristics of p16/Ki-67 to detect CIN2 or greater and CIN3 or greater among the whole study population and stratified by age (Table 4) . Overall, p16/Ki-67 positivity was 59.6%, indicating that referral to colposcopy would have been reduced by almost half if p16/Ki-67 testing was used as an additional triage test in this population. The sensitivity and specificity to detect CIN2+ was 86.4% and 59.5%, respectively, and for CIN3+ it was 93.2% and 46.1%, respectively. Among women 30 years and older, p16/Ki-67 positivity dropped to 51.1%, further reducing colposcopy referral in this group. Among women 30 years and older, the sensitivity and specificity to detect CIN2+ was 84.8% and 67.5%, respectively, and for CIN3+ it was 97.2% and 60.0%, respectively (Figure 1 ). p16/Ki-67 provided good risk 
Clinical performance of p16/ki-67 testing for triage of LSIL and HPV-positive ASC-US
Women with LSIL and HPV-positive ASC-US are uniformly referred to colposcopy. We estimated the performance of p16/Ki-67 testing to triage women with these screening test results by restricting the analysis to the 404 women referred for colposcopy with an outside Pap result of HR-HPV-positive ASC-US or LSIL. The p16/Ki-67 positivity was 54.5%, indicating that colposcopy referral would be reduced by almost half if p16/Ki-67 was used as triage test (Table   5 ). The sensitivity and specificity for detection of CIN2+ were 85.5% and 59.4%, respectively.
The sensitivity and specificity for detection of CIN3 were 90.6% and 48.6%, respectively. The absolute risk of CIN3 among p16/Ki-67 positive women with LSIL referral was 13.2%, while the absolute risk of CIN3 among p16/Ki-67 negative women was 1.6% (1-NPV). For comparison to p16/Ki-67, we analyzed the results of HR-HPV testing and of HPV16/18 genotyping in the same population (Table 5) . HR-HPV DNA testing had the highest positivity (76.0%), followed by p16/Ki-67 positivity (54.5%) and HPV16/18 (28.0%). For both endpoints, p16/Ki-67 had a sensitivity close to HR-HPV DNA testing (p=0.01 and 0.32 for CIN2+ and CIN3, respectively), but a higher specificity (p<0.0001 both for CIN2+ and CIN3, respectively). HPV16/18 genotyping was less sensitive than the other tests (p<0.0001 for CIN2+ and CIN3, respectively), but substantially more specific than both HR-HPV DNA and p16/Ki-67 testing (p<0.0001 for all tests and all endpoints) (Figure 2) . Similarly, we evaluated the performance of p16/Ki-67 to Tables 1 and 2 ).
Discussion
The recognition of HPV as the necessary, but insufficient factor for developing cervical cancer has led to a paradigm shift in cervical cancer prevention programs. HPV DNA testing is increasingly being considered for primary cervical cancer screening. While HPV DNA testing is highly sensitive for detecting cervical precancer, thus providing a high reassurance against developing cervical cancer in the next 5-10 years after a negative test, it lacks specificity and cannot discriminate between common transient infections and rare prevalent precancers [1] . Several molecular markers have been developed that are more specific for HPV-related transformation with the goal to improve the detection of cervical precancer. p16 alone has been widely evaluated as a biomarker for cervical precancer [6, 7] . However, since some normal cells may express p16, observation of p16-positive cells in cytology preparations requires additional morphologic evaluation to achieve adequate specificity. Recently, an assay has been developed that combines staining for p16 with staining for the proliferation marker Ki-67 on cytological slides. Theoretically, co-expression of p16 and Ki-67 in the same cell should indicate HPVrelated transformation and obviate the need for morphological interpretation. We conducted an evaluation of p16/Ki-67 cytology in a large colposcopy referral population in the US. We found that p16/Ki-67 was positive in 59% of all women enrolled in the study, with a sensitivity of 86% for CIN2+ and 93% for CIN3+. These results indicate that p16/Ki-67 testing could reduce referral to colposcopy by almost half while detecting almost all relevant disease. The sensitivity estimates in our study were very similar to what has been reported in previous industry-sponsored studies using p16/Ki-67 [9, 10] .
We sought to analyze further the determinants of p16/Ki-67 positivity in CIN2 and CIN3.
Stratification by age and HPV16 status showed that the assay had 100% sensitivity for detection of HPV16-positive lesions among women 30 years and older, while the lowest percentage was observed in women <30 years without HPV16 infections (78%). Based on the well-documented risk of CIN3 associated with HPV16 infections [15] [16] [17] , and the higher risk of invasion with long-term persistent CIN3s [18] , it is assumed that CIN3 related to HPV16 among women older than 30 years has the highest risk of invading to cancer and should be detected by a safe triage assay. In contrast, CIN3 related to types other than HPV16 among younger women may grow slower and may have a much lower risk of invasion, as indicated by their lower proportion in cervical cancers [13] . We demonstrate that p16/Ki-67 positivity reflects this heterogeneity of CIN3 and performs best at detecting the subgroup of CIN3s with highest risk of invasion (HPV16+, 30 years and older). Furthermore, all five cancers detected in the study population were positive for p16/Ki-67. Thus, our data indicate that it would be safe to delay colposcopic evaluation of women negative for p16/Ki-67 and await further testing. For example, repeat HPV testing or p16/Ki-67 testing could be performed after one year, similar to currently recommended management guidelines for women positive for HPV, but negative for cytology [19] . 
In our study, all women with an LSIL referral Pap and an HPV-positive ASC-US referral Pap were evaluated by colposcopy and biopsy, allowing us to analyze the performance of p16/Ki-67 for triage of these cytology categories. For these women, p16/Ki-67 achieved a sensitivity equal to HR-HPV testing with significantly improved specificity, and a possible reduction of referral by almost half compared to current practice of referring all women with HR-HPV-positive ASC-US and LSIL to colposcopy. These findings support that p16/Ki-67 can be a viable option for cytology triage, if proven cost-effective. We were not able to measure p16/Ki-67 in the referral cytology specimen to simulate a reflex triage approach. Instead, our study provides data for a delayed evaluation with p16/Ki67.
Overall, the specificity estimates in our population were comparable, albeit slightly lower than what has been reported in two studies sponsored by the manufacturer of the p16/Ki-67 double-stain assay [9, 10] . We had excellent disease ascertainment because an extended biopsy protocol was used with up to four targeted biopsies. Thus, we believe were able to distinguish true positive from false positive test results better than in studies where disease is missed due to insensitive colposcopic biopsy protocols. Our assays were conducted from the same specimen type (residual PreservCyt material), run in the same laboratory and evaluated according to the same criteria as the previous studies. In contrast to the previous reports, we only used the cytotechnologist's evaluation of p16/Ki-67 positivity, without additional pathologist's review.
The major promise of the p16/Ki-67 double-stain assay is that is does not require adjunct morphological interpretation of positive cells and vastly simplifies the evaluation process compared to p16 staining alone. We sought to evaluate the assay according to this premise, without extensive review and adjudication of the slides. Currently, the test is considered positive when at least one cell exhibits p16/Ki-67 co-staining. While this approach obviously has a high sensitivity, increasing the threshold may lead to a better overall tradeoff between sensitivity and specificity.
Our study shows that p16/Ki-67 has a very high cross-sectional sensitivity and that the residual risk of CIN3 in women testing p16/Ki-67-negative is very low. Prospective studies will be required to evaluate how long a negative p16/Ki-67 test provides reassurance against developing CIN3. Currently, we do not have sufficient data to estimate the prospective risk of CIN3 in women testing positive for HPV, but negative for p16/Ki-67. Our cross-sectional data, demonstrating 100% sensitivity for CIN3 among older women with HPV16-related lesions, suggests that colposcopic evaluation of p16/Ki-67-negative women can be delayed safely. With the performance characteristics observed in our study, p16/Ki-67 could safely reduce colposcopy referral by almost half in the overall population, with a higher reduction seen in women 30 years and older. The benefits of reduced numbers of colposcopies have to be weighed against the additional costs related to p16/Ki-67 testing in this population. Further studies are required to develop algorithms for re-testing using molecular markers in HPV-positive, p16/Ki-67-negative women.
With primary HPV DNA testing widely adopted in cervical cancer screening programs, more disease specific markers such as p16/Ki-67 may assume an important role to triage HPV+ women, as has been successfully demonstrated using p16 staining alone [20] . Among women 30 years and older, the target population for triage of HPV-positive women, we observed higher specificity with unchanged sensitivity compared to women younger than 30 years. If cytologic immunostains such as p16/Ki-67 or other biomarkers are to be widely accepted, automated evaluation strategies will be important. We have previously shown that automated evaluation of p16 staining on cytological slides is feasible [21] and will continue to adapt the algorithms to p16/Ki-67 staining.
In summary, in a large colposcopy population with excellent disease ascertainment due to an aggressive colposcopic biopsy protocol, we demonstrate that p16/Ki-67 cytology has a high sensitivity and specificity for detecting cervical precancer that may warrant use of p16/Ki-67 testing to reduce colposcopy referral. Further studies among HPV+ women are required to evaluate the potential role of p16/Ki-67 as a triage marker in new HPV-based screening strategies.
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